Context: Increased liver fat (LF) is associated with insulin resistance. However, a considerable individual variability between LF and insulin sensitivity (IS) is observed, and at equal levels of LF, insulin-resistant as well as insulin-sensitive individuals are found.
T
he role of fatty liver in the development and prevention of type 2 diabetes and related disorders is well established. Although an increase in hepatic fat is in most cases associated with decreased insulin sensitivity, a considerable variability in the relationship between liver fat and insulin sensitivity exists (1) . This phenomenon may partly be explained by interindividual differences in the susceptibility to the negative effects of hepatic fat storage. In accordance with this concept, our group has shown that variations in genes related to hepatic lipid metabolism results in a dissociation of the close relationship of hepatic fat storage and insulin resistance (1, 2) . However, there is also the possibility that hepatic accumulation of metabolites or trace elements other than fat may impact on hepatic glucose metabolism. In this context, it is of interest that increased whole-body iron load has been associated with insulin resistance, glucose intolerance, and type 2 diabetes mellitus (3) (4) (5) . The mechanism underlying the association between body iron stores and diabetes-related traits is unclear and has not yet been finally identified (4, 6) . Changes in liver metabolism represent a plausible link between iron stores and insulin resistance (7) . In healthy subjects, high serum ferritin concentrations are associated with insulin resistance rather than defects in insulin secretion (8) . Interestingly, iron load and hepatic iron metabolism have also been proposed to contribute to the development of nonalcoholic fatty liver disease (9, 10) . We used a quantitative T2* magnetic resonance gradient echo imaging technique and 1 H-magnetic resonance spectroscopy (MRS) to simultaneously estimate liver iron stores and liver fat content in a metabolically characterized cohort. We hypothesized that hepatic iron load (HIL) explains part of the variation in insulin sensitivity not explained by the variation in liver fat.
Subjects and Methods

Subjects
We studied T2* values for determination of HIL in 113 subjects at increased risk for type 2 diabetes because of one or more of the following risk factors: being overweight [body mass index (BMI) Ͼ 27 kg/m 2 ], being a first-degree relative of a patient with type 2 diabetes, or having impaired glucose tolerance or having a history of gestational diabetes. Measurements of liver fat by 1 H-MRS were available in 101 of these subjects. The local ethics committee had approved all protocols. All subjects gave informed written consent.
Oral glucose tolerance test (OGTT)
A standard 75-g OGTT was performed after a 10-h overnight fast with determination of glucose and insulin at 0, 30, 60, 90, and 120 min. Insulin sensitivity was estimated as proposed by Matsuda and DeFronzo (11) . First-phase insulin secretion was estimated using the insulinogenic index. This parameter is defined as the ratio of the increment of serum insulin 30 min after an oral glucose load to blood glucose concentration 30 min after the glucose load [(30-min insulin Ϫ fasting insulin)/30-min glucose].
Analytical procedures
Plasma glucose was measured by the glucose-oxidase method (YSI, Yellow Springs Instruments, Yellow Springs, OH). Plasma insulin and C-peptide were determined by microparticle enzyme immunoassays (ADVIA Centaur; Siemens Healthcare Diagnostics, Eschborn, Germany).
Magnetic resonance imaging and spectroscopy
All subjects were examined on a 1.5-T whole-body unit (Magnetom Sonata; Siemens Healthcare, Erlangen, Germany). Volunteers were placed on the six-channel spine array coil of the manufacturer in the supine position. An additional body array surface coil with two segments was placed symmetrically on the chest to obtain nearly homogeneous signal sensitivity in the upper abdomen as well as comparable receiver characteristics on the left and right abdominal sides. To assess the topography of the liver, a T1-weighted gradient echo sequence was applied in breath-hold. The parameters were as follows: repetition time (TR) ϭ 3.58 msec; echo time (TE) ϭ 1.79 msec; field of view, 285 ϫ 380 mm 2 ; matrix, 144 ϫ 256; bandwidth, 490 Hz/pixel; flip angle, 13°; slices, 40; slice thickness, 5 mm; distance factor, 20%; and time of acquisition, 15 sec. All participants underwent an MRI examination for T2* evaluation of the liver. To calculate the T2* relaxation time, a multislice fat-saturated breath-hold two-dimensional multiecho gradient-echo sequence was applied. TR was set to 248 msec. The first echo was acquired at a TE of TE1 ϭ 2.6 msec. The following echoes were acquired in 11 equidistant steps with an increment of ⌬TE ϭ 4 msec (12 TE from 2.6 -46.6 msec). Field of view was 285 ϫ 380 mm 2 ; matrix, 108 ϫ 192 mm 2 ; slice thickness, 5 mm; and slices, five. Measuring time was 18 sec, enabling single breath-hold examination. T2* times were calculated by a monoexponential fit of signal intensities.
Methods are explained in detail in Ref. 12 .
Liver fat content was determined by localized stimulated echo acquisition mode 1 H-MRS (TR ϭ4 sec, TE ϭ 10 msec, 32 scans) in the seventh segment of the liver. The lipid content was quantitatively assessed by analyzing the signal integral (methylen and methyl signals from 0.7-1.5 ppm), using the liver water and lipid signal integral as internal reference (13) .
Statistical analysis
All data are given as Mean Ϯ SEM unless otherwise stated. For variables which were not normally distributed data were logarithmically transformed for further analysis. We used multivariate regression analysis to adjust for the independent effects of covariates. The associations between HIL, metabolic traits and liver fat were adjusted for age. A p-value Ͻ0.05 was considered to be statistically significant. All calculations and statistical analyses were performed using the Statistical Package JMP Version 4.0 (SAS Institute Inc., Cary, NC).
Results
Associations of HIL with anthropometric measures and laboratory findings
Subject characteristics are shown in Table 1 . Mean T2* values were lower in males compared with females (25.7 Ϯ 1.0 vs. 29.4 Ϯ 0.8, P ϭ 0.001), indicating higher HIL in males. T2* values were negatively associated with age (P Ͻ 0.0001) independent of gender, indicating increased HIL in older subjects. No association of HIL with BMI was observed (P ϭ 0.6). In univariate regression, T2* values adjusted for age negatively associated with serum ferritin (P Ͻ 0.0001) but not with C-reactive protein (P ϭ 0.6).
Associations of HIL with metabolic traits
T2* values adjusted for age negatively associated with fasting glucose (P ϭ 0.0002), fasting insulin levels (P ϭ 0.01), and insulin sensitivity estimated from OGTT (P ϭ 0.01) but not with 2-h glucose during OGTT (P ϭ 0.38). In multivariate linear regression analyses, insulin sensitivity adjusted for gender, age, and BMI was associated with T2* values (P ϭ 0.015, see Table 2 for details). We found no effect of T2* values on insulin secretion (P ϭ 0.25) estimated from OGTT adjusted for gender, age, and insulin sensitivity.
Associations of HIL, liver fat, and insulin sensitivity
T2* values adjusted for age negatively associated with liver fat (P ϭ 0.008), indicating higher HIL in subjects with increased liver fat. Liver fat adjusted for age was strongly associated with insulin sensitivity (P ϭ 0.0002). In a multivariate regression analysis, insulin sensitivity adjusted for gender and age was independently associated with liver fat (P ϭ 0.033) and HIL (P ϭ 0.004) (see Table 2 for details). In a multivariate regression analysis, liver fat explained 13.5% of the variation in insulin sensitivity (P Ͻ 0.01), and HIL explained an additional 4.1% of the variation in insulin sensitivity (P ϭ 0.03).
Discussion
We studied the association between HIL and glucose metabolism in healthy subjects. Our data suggest that HIL increases systemic insulin resistance and fasting blood glucose levels. Because we have no data on a precise measurement of hepatic insulin resistance, e.g. by use of tracer methods, we can only speculate that HIL specifically affects hepatic insulin resistance. This hypothesis is supported by the observation that HIL is related to fasting glucose, fasting insulin, and whole-body insulin sensitivity but not to insulin secretion. This is in accordance with a previous study from our group showing that serum ferritin levels in healthy subjects are associated with insulin resistance rather than defects in insulin secretion (8) . Interestingly, daily meat intake is known to contribute to an increased risk of type 2 diabetes not only in German populations (14) . The associations between HIL and insulin sensitivity represent a plausible pathophysiological explanation for this observation.
In our population, HIL was associated with liver fat content. Because hepatic iron content was not a significant determinant of liver fat content independently of age, gender, and insulin sensitivity in our study (P ϭ 0.17). Thus, the observed univariate relationship between hepatic iron content and liver fat content may be a result of a co-correlation of the parameters with insulin sensitivity.
Our study is too small to rule out that the associations between HIL, liver fat, and insulin sensitivity are different between groups with different glucose tolerance status or differ in lean, overweight, and obese subjects. We also cannot answer the question whether iron is causally involved in the pathogenesis of hepatic steatosis. The association between liver fat and iron load may simply be caused by the same underlying risk factors, for example nutrient intake and diet. In this context, it is of interest that HIL and liver fat have an impact on insulin sensitivity, independently from each other. In addition, HIL explains a substantial part of the variation in insulin sensitivity that is not explained by liver fat. This finding suggests that both parameters may involve different pathways that are operative in the regulation of hepatic glucose metabolism. The mechanism by which fat accumulation in the liver induces hyperglycemia possibly involves subclinical inflammation and changes in the secretion of hepatokines (1). In addition, hepatic iron overload induces hepatic damage and potentially also insulin resistance by induction of mitochondrial dysfunction (15) , increased lipid peroxidation (16) , and increased endoplasmic reticulum stress (17) . Primary changes in hepatic insulin metabolism and the clearance capacity of the liver may also link hepatic iron overload to insulin resistance (7).
In conclusion, hepatic iron metabolism is an important player in the development of systemic insulin resistance. Because our study lacks a precise measurement of hepatic insulin sensitivity, we can only speculate that HIL induces insulin resistance specifically at the level of the liver. Furthermore, the mechanism by which iron load induces insulin resistance seems to be independent of the pathways involved in insulin resistance induced by fatty liver disease. 
